Abstract-This paper proposes a novel damping controller for subsynchronous resonance (SSR) mitigation using existing 11-kV variable frequency drive interfaced auxiliary power plant loads. The input of the proposed auxiliary damping controller is the turbine output power (P t ). This is a standard signal that is monitored in power plant control rooms and is available locally without the need for additional measurement and/or communication infrastructure. The auxiliary damping controller (ADC) adds an auxiliary speed signal to the existing speed reference in the closedloop motor drive control in response to any torsional range oscillations seen in P t , via a feedback compensator. The ADC extracts damping by exploiting SSR load interactions and is tuned using a residue-based pole placement technique. The ADC performance is evaluated for both torsional interaction and torque amplification types of SSR in the IEEE First Benchmark and IEEE 68-bus networks. The results show that the ADC is effective in providing positive damping to mitigate unstable SSR oscillations under a range of operating conditions. The proposed solution is a simple yet effective means of providing local control of SSR with minimal additional cost.
loads and discussed the possibility of using these VFD based motor loads to provide torsional mode damping. This paper has achieved this by developing a novel damping controller, an Auxiliary Damping Controller (ADC), that uses the auxiliary power plant loads that are 11 kV VFD interfaced large Induction Motors (e.g. Forced Draft (FD) and Induced Draft (ID) Fans, or pumps) [2] . The proposed ADC provides a very effective SSR mitigation solution right at the generation center and incurs minimal additional cost.
The results of an investigation into SSR instability of a singlecage induction motor supplied by a series capacitor compensated feeder (for terminal voltage regulation) is provided in [3] . SSR for deep-bar induction motors is further discussed in [4] . The same set of governing equations can be used to describe the interaction between the transmission level series compensation and turbine-generator multi-mass rotor with the aggregate induction machine motor loads (SSR-LI).
The use of induction machines for damping of subsynchronous oscillations was first proposed in [5] , where damping is achieved using a second-order Static Var System (SVS) auxiliary controller in combination with Continuous Controlled Series Compensation (CCSC) and an Induction Machine Damping Unit (IMDU) coupled to the turbine generator shaft. In [6] , the required rating and best location for the IMDU was investigated. An IMDU with instantaneous rating of 10% of the continuous rating of the generator was shown to provide sufficient damping for all torsional modes in the IEEE First and Second Benchmark systems without the aid of any controllers. It was shown that a high-power, low energy induction machine (10% of generated power) when mechanically coupled at the end of the turbo-generator shaft (at the end of HP turbine) and electrically connected to the generator bus produces a damping torque.
However, this solution requires existing installations to be retrofitted or fresh installations to be provided at the generator shaft. More importantly, the proposed scheme is only capable of reducing peak torques in the shaft sections by up to 14.8%, which the authors themselves have recognized as a small improvement that is insufficient to mitigate Torque Amplification (TA) type of SSR.
VFD based auxiliary power plant loads (e.g. pumps and fans) represent a significant proportion of plant generation capacity e.g. 3.6% in fans and 7.2% in pumps [2] . In this paper, the authors propose the design of an Auxiliary Damping Controller (ADC) that makes use of these VFD motor loads to provide damping for torsional oscillations. The most important power plant auxiliary loads with variable frequency drives (VFDs) are Boiler Feed Water pumps (BFWs), Induced Draft (ID) fans and Forced Draft (FD) fans. As an example, the typical BFW pump power requirements are about 7.5 MW for a 300 MW plant, which increases by 2.5 MW for every further 100 MW i.e. around 2.5% of the total power plant rating. Also, BFW pumps require high availability and redundancy; hence, it is common to have additional pumps available as backup or for two pumps to be operated in parallel at 50% of their capacity. Thus, BFW pumps present an ideal candidate for the realisation of the proposed ADC through modification of their VFDs for SSR mitigation. Other auxiliary loads, like FD and ID fans, used in power plant combustion processes can also be suitable for this purpose. Typically, these fan motors consume significant amounts of power with motor sizes approaching 14 to 18 MW in many large power plants. In some cases, like the BFW pump, they are also configured in pairs working in parallel, mainly for reasons of redundancy [2] .
The proposed ADC uses these auxiliary loads to achieve its damping objective by adding an auxiliary speed signal to the existing motor speed reference in the VFD's closed loop control. This allows the proposed controller to use the existing resources that are available locally, right at the generation centre, through only minor modifications to their existing control loops that incur little to no additional costs and ensures easy deployment. The ADC uses the turbine output power as its control input, which is a standard power plant control room signal and does not require additional infrastructure for communication or dedicated monitoring. Being physically stationed at the generation centres, the proposed ADC also ensures straightforward maintenance, in case the controller requires any retuning or recalibration.
The effectiveness of the proposed solution has been demonstrated for both Torsional Interaction (TI) and Transient Torque Amplification (TA) type of SSR mitigation using the modified IEEE FBM and the IEEE 68 bus power systems using both time domain and frequency domain simulations in DIgSILENT PowerFactory. The system data for the IEEE FBM and the IEEE 68 bus systems can be found in [7] and [8] , respectively. This paper is structured as follows: Section II describes existing SSR mitigation techniques and their challenges, Section III describes the proposed auxiliary damping controller and Section IV presents simulation results to verify its effectiveness. Section V concludes the paper and discusses possible improvements for the ADC, as part of future work.
II. EXISTING SSR MITIGATION TECHNIQUES
Common examples of some of the SSR mitigation measures used around the world have been enumerated in [9] of which some that have been deployed in practice are listed here: Static blocking filters (BF) e.g. at Navajo (USA) and Tuoketuo (China), Static Excitation Damping Control (SEDC) e.g. at Navajo (USA) and Shangdu (China ), Dynamic stabilizer e.g.
at San Juan (Puerto Rico), NGH SSR damper [10] e.g. at Lugo (Spain) and TCSC e.g. at Slatt (USA) and National Grid (UK), and other HVDC converter controls [11] , [12] .
Many of these solutions suffer from their unique challenges. For example, passive SSR blocking filters can be installed at the generator or capacitor banks. However, being passive filters, once tuned they cannot be operated optimally in real time (unable to adapt to varying operating conditions) and require significant capital investment.
SEDC modulates the generator torsional damping using the excitation system and has been deployed to good effect in the Shangdu Power system in China as well as in Navajo in the USA [12] , [13] . A phase shift and gain is applied to each torsional speed measurement and the summed signal is used to control the excitation voltage.
Torsional stress relays are designed for continuous monitoring of the turbine-generator shaft for oscillations. They provide a trip output signal when shaft fatigue reaches predetermined levels. The trip command can be used to remove the source of the SSR problem, e.g. bypassing the series capacitor bank or tripping a line, or it can be used to trip the generator. However, this is not a trivial decision and tripping of a critical line (or other asset) may further escalate the problem or introduce new problems [14] .
Thyristor Controlled Series Capacitor (TCSC) is known to be very effective in mitigating SSR, as the valves are gated to control the dynamic characteristics of the series capacitor at subsynchronous frequencies. However, being tuned precisely to achieve the desired objective, its performance is heavily dependent on the control system. So, the solution, though very effective, needs sophisticated design (unless the control system is adaptive and is able to modify the tuning parameters with changes in system conditions) and significant capital cost and maintenance. Over the years, many FACTS controllers like GCSC [15] [16] [17] [18] [19] and SSSC [18] , [20] and STATCOMs [21] , [22] and HVDC converter controls [19] , [23] , [24] have been suggested for SSR mitigation. However, these FACTS devices incur significant capital and operational expenditure.
Most of the SSR damping techniques developed to date tend to use measurements of the generator or turbine speed (or torque) deviations as input signals to the control system at the physical location of the device in question (e.g. FACTS at the transmission line/HVDC station). This may put their reliability in question under any communication delays/failures or lack of coordination. More robust and reliable VSC based systems that can use local measurements have been proposed in [25] , [26] . They are immune to such delays or failures; however, this solution is markedly more expensive and hence not very widely adopted.
The control solution proposed in this paper is immune to most of these challenges. The proposed ADC uses the existing auxiliary power plant 11 kV VFD interfaced induction motor loads that are available locally, right at the generation centre. It uses their speed control systems to provide the required damping through minor modifications to the control loop, which incurs little to no additional costs and ensures easy deployment. It does not need additional communication or dedicated monitoring ensuring straightforward maintenance.
However, some real world challenges can be identified for the proposed method. The effectiveness of the ADC and participation of the VFD based motor load in SSR damping would depend on its loading at the time of the disturbance. When the VFD is operating at, or close to, its full load capacity the proposed ADC will not be able to provide satisfactory damping. The transients induced during the initial few cycles after a disturbance may cause the inner loop current controller of the motor drive inverter to saturate, in which case excessively high currents may damage the drive (unless suitably oversized) and/or motor windings. The other limitation of the simplistic control method adopted by the proposed ADC is that it needs to be separately tuned for each shaft mode. Future work will involve looking at robust control designs that may damp multiple torsional modes simultaneously. The control design for the proof of concept for the proposed ADC is presented in detail in the next section.
III. VFD CONTROLS AND AUXILIARY DAMPING CONTROLLER
The most common drive topology used for industrial applications uses a diode bridge rectifier and a PWM Voltage Source Inverter (VSI). VFD motors provide the distinct advantage of being able to operate over a wider range of speed while maintaining a constant maximum torque as given by (1), which is ideal for variable flow applications (e.g. ID fans).
In (1), V is the applied voltage, f is the supply frequency, L s and L r are the stator and rotor referred inductances, R s is the stator resistance and K is a constant. In cases where f is not too low, R s /f << 2π(L s + L r ), the equation reduces to (2) .
It can be seen from (2) that a constant V /f ratio helps the motor to maintain a constant maximum torque at any speed (except at low speeds). The upper limit of the constant torque mode is defined by the nominal voltage beyond which the V /f ratio is not maintained to avoid insulation damage.
Two commonly used VFD control designs are the open loop and closed loop designs. They have been investigated for torsional interactions during SSR phenomenon in [1] . Results show that torsional oscillations can pass through the diode bridge to appear on the DC-side and may propagate to the motor side through the VSI in the presence of both types of controls. The resulting SSR oscillations can be seen in the machine electrical torque. All the results and analysis presented in this paper are based on the closed loop control design only. Open loop control has not been used as the speed feedback signal is an essential input for the ADC design.
A. VFD Closed Loop Design
The closed loop VFD control strategy used for this study explicitly tracks the motor speed by measuring it at the shaft (w r ) and comparing it to a reference set point (w rsetp ) to get the motor speed error (w error ), as shown in Fig. 1 . An additional slip speed (w slip * ) control loop is used to maintain the motor slip within a specified value (e.g. 2%). When the slip speed exceeds this value the motor speed error is updated to a new value (w error * ) which is then passed through the PI controller to determine the inverter set points for generating switching pulses in order to maintain a constant V /f ratio [15] .
B. Residue-Based ADC Design
The Auxiliary damping controller (ADC) design can be described starting with the equations that describe the power system dynamics around an equilibrium point in (3)
where, Δx is the n × 1 state vector, Δu is the r × 1 input disturbance vector, Δy is the m × 1 output vector, A is the state matrix of size n × n, B is the n × n input matrix, C is the m × n output matrix and D is the m × r matrix defining the proportion of input which directly influences the output, Δy.
If it is assumed that the system outputs, y(s), are not a direct function of the inputs, Δu(s) (i.e. D = 0), then the open loop transfer function of the system is reduced to (4):
Thus, the transfer function between a single input Δu k (s) and single output Δy j (s), can be represented as (5)
where:
R i is the residue of the transfer function between the input Δu k (s) and output Δy j (s), c j is the jth row vector of C, b k is the kth column vector of B, ϕ i is the right eigenvector and ψ i is the left eigenvector of the eigenvalue λ i .
1) General Structure of the Feedback Compensator:
The residue defines the sensitivity of the corresponding eigenvalue to a feedback control. Fig. 2 describes an open loop transfer function G(s) and a negative feedback control transfer function K(s) alongside a compensator H(s) in the feedback path. In the presence of feedback control, the eigenvalues of the original system experience a shift which can be described as Δλ i and is given by (7) [27]
A typical feedback damping controller consists of a gain, a low pass filter (LPF) and a washout block followed by several compensation blocks, see Fig. 3 . N stages of compensation are required as a single compensator block may not be able to satisfy the design specifications.
The transfer function of the feedback damping controller is:
2) Tuning of the Feedback Compensator: From (7), Δλ i is proportional to the magnitude of the corresponding residue and the gain of the feedback control. The direction of the shift depends on the residue's phase angle and the phase shift across the feedback control transfer function, H(s).
An ideal feedback damping controller shifts the eigenvalue to the left half of the s-plane, towards stability, whilst moving the eigenvalue in parallel to the x-axis, see Fig. 4 , i.e.,
where, θ R is the phase angle of the residue, R i ,ϕ H (s) is the phase shift of the feedback control, and ϕ H (s) is found from the compensation blocks and the desired T lead and T lag using (10), where, w is the oscillation frequency of the mode to be modified (rad/sec). The system oscillatory modes are obtained from the steady state using modal analysis. The phase angle of the shift of the selected eigenvalue λ i that is introduced by the feedback control should be equal to ϕ H (s) + θ R . If the angular phase shift across the transfer function of the damping control at the frequency associated with λ i is zero (no phase compensation), then the feedback control moves the eigenvalue in the same direction as the residue. The angle, θ R , is calculated using (11) , as in Fig. 5 .
The feedback compensator is tuned as follows: 1. A simple feedback controller is integrated in to the system without any phase compensation (only consisting of a LPF and washout filter). 2. Modal analysis is applied for K d = 0 and K d = 100, to identify the shift in the eigenvalue associated with the corresponding unstable torsional mode. 3. The θ shif t or θ R is calculated using Fig. 5 and (11) , which can then be used to determine the required compensation, ϕ H (s) using (9) . Based on the calculated ϕ H (s) , (10) is used to determine the compensation stages and parameters T lag and T lead .
3) Proposed Feedback Controller -Tuning of ADC:
For the proposed ADC, the turbine output power, P t is chosen as the feedback controller input. In other work, both P t and generator speed, ω G , have been used as controller inputs for auxiliary damping control applications but P t is favored for the ADC. It has been shown in [28] that the use of modal speed deviations as control inputs provide much better damping performance when compared to using just the generator speed deviation (Δω G ). It is further pointed out in [29] that the use of Δω G as the auxiliary stabilizing signal, whilst providing effective damping for the torsional modes, provides little damping for the inertial modes when compared to the case where modal speeds are used. It was also found that the use of Δω G as the stabilizing signal may cause undamping of the torsional modes when subjected to large disturbances, a phenomenon not observed when the modal speeds were used. Thus, in order to extract superior damping performance, it would require the use of modal speeds as opposed to only Δω G . However, Torsional Stress Analyzers may be needed to obtain individual shaft speed deviations (from which modal speed is calculated) and these are not standard devices found in all power plants. In light of this, it is preferred to use a single turbine output power signal that is readily available at the power plant control room (standard monitored signal) and is shown to provide effective damping.
In the proposed ADC, the output of the damping controller is used to modify the motor speed reference, w ref , in the frequency control loop of the VFD inverter whilst suitably varying the modulation index to keep the V /f ratio constant. The auxiliary speed signal from the feedback compensator is added to the speed set point, w rsetp , to modify the speed reference, w ref . This is achieved by modifying Figs. 1-6 . The feedback compensator is tuned for a specific torsional mode λ i . The tuning can be suitably modified for other unstable modes as required specific to network topologies and/or degree of compensation). In the 68 bus system the unstable torsional mode is identified as λ i = 0.08579 + j159.63089 (25 Hz mode) and λ i shif t = − 0.92585 + j158.04648. So, ϕ H (s) is determined to be 60
• . When calculated for the unstable 25 Hz mode in the IEEE FBM, ϕ H (s) is found to be 30
• while for the unstable 32 Hz mode ϕ H (s) is calculated to be 90
• . The results presented in Section IV show that, when tuned with these values, the ADC provides effective damping against these unstable modes. From the eigen sweep, the specific value of K d for which any of the system poles cross over the imaginary axis (to the unstable region) is determined. The value of K d thus determined is 1.55 for which the control mode of 4 Hz is seen to become unstable, as shown in Fig. 7(c) and (d) . This defines the ceiling for K d , i.e. the highest value for which the system remains stable. Next, the damping ratios for the two limiting modes under study. Table I shows that, as the value of K d increases, the damping ratios for the 25 Hz mode increase while they decrease for the 4 Hz control mode. However, the overall sensitivity, which amounts to the impact of changes in gain on both of these limiting modes, is seen to decrease. The range chosen for K d is 0.1 to 0.5 (below its ceiling). Further tuning of K d within this range is based on time domain simulations. The ADC is found to interact with two torsional modes (25 Hz and 32 Hz) as determined through the time domain simulations. The EMT simulations (TI) are carried out for each of the values of K d within the range, from which the corresponding damping exponents, ζ are determined via curve fits, as described in Section IV-A, and also marked in Fig. 7(b) . As seen from the figure, values of K d in the range of 0.1-0.23 are found to be suitable, beyond which the 32 Hz mode is seen to tend towards instability (identified by a positive value of ζ, see Section IV-A where the calculation of damping is described).
b) Bandwidth of LPF and Washout Block:
The low-pass filter bandwidth is selected such that it filters out high frequency noise from the signal. The washout block, on the other hand, ensures that any signal below 16 Hz does not trigger the ADC response; so, the ADC does not interfere with the PSS or respond to any of the slower electromechanical oscillations. The filter time constant is chosen such that the total bandwidth is between 16-80 Hz as any frequency higher than that is not of concern to the ADC (only responds to torsional range of oscillations). The frequency response of the combined transfer function (LPF and the washout block combined) is shown in Fig. 7(a) .
A complete three phase circuit diagram of the VFD and induction motor load along with the associated controller block diagram of the overall ADC architecture is given in Fig. 8 . The performance of the ADC, thus tuned, is evaluated for a range of operating scenarios for both the IEEE FBM and 68 bus systems for the critically destabilized torsional modes for different levels of compensation. The mechanical damping of the generator is considered zero for all cases [6] . It is important to point out that the auxiliary load considered for the study of the ADC performance is rated to 2% of the study generator capacity. As mentioned earlier, the auxiliary power plant loads generally compose around 10% of the generation capacity in fan (3.6%) and the rest in pump loads [2] . These loads are absolutely essential for the power plant operation, which ensures their availability as long as the generator is online and makes the scheme highly reliable. Fig. 9 shows the modified IEEE FBM [7] with a passive front end drive interfaced auxiliary power plant load connected at the generator bus. This network is used to evaluate the ADC performance when it experiences torsional oscillations (e.g. SSR) at 25 Hz for 60% compensation of the line. The synchronous generator (G) is rated at 892.4 MVA/ 26 kV, 60Hz and is operating at 90% loading. The VFD interfaced motors (M) are operating at 70% loading; ratings are included in the Appendix. The unstable torsional oscillations can be seen in the turbine output power, as given in Fig. 10 also illustrates the impact of the VFD interfaced auxiliary load with its inherent VFD closed loop speed control.
IV. RESULTS AND DISCUSSION

A. ADC Performance for a Modified IEEE FBM 1) 25 Hz Mode -Torsional Interaction:
The VFD motor load improves the damping performance but the interaction is still unstable. The oscillations can equally be seen in the typical shaft section speeds, both without VFD and with VFD, as shown in Fig. 12(b) and (c) respectively.
The Eigen values for the torsional modes of the IEEE FBM are given in Table II for the cases with no VFD, a VFD and a VFD-AD. Please note that the ADC is referred to as VFD-AD at times in the results section to clearly distinguish its behavior from the behavior of a classical VFD. The Eigen values further confirm that the inclusion of the VFD improves the damping of the torsional modes but the 25 Hz mode is still unstable for 60% compensation of the line for this network. This phenomenon is an illustration of the Torsional Interaction type of SSR where the system exhibits unstable torsional range oscillations when the electrical resonant frequency complement (21 Hz) is close to one of the fixed mechanical modes of the generator. The electrical resonant frequency complement is calculated as f base − f base X C /X S , where X c is the series capacitor reactance and X s is the total system reactance. This frequency is close to both the 20.17 Hz and 25.40 Hz torsional modes. However, the 25 Hz mode is critically unstable and most poorly damped, which causes the overall system to oscillate at this natural frequency, see Fig. 11 .
For a clearer understanding of this interaction, an Eigen sweep has been presented in Fig. 11 , where the level of compensation is varied from 10 to 90% to illustrate the change in the behavior of the torsional modes as the network mode varies. It is imperative to point out that this Eigen sweep is representative of the inherent interaction seen in the network and has been carried out in Matlab/Simulink using block linearization to clearly show the network modes. All the modelling and results presented in this paper are otherwise performed using DIgSILENT PowerFactory (using its EMTP and Modal analysis functions). Whilst determining the eigenvalues of the total system (series compensated electrical network connected to the multi-mass turbine generator shaft), the Modal analysis program of DIgSILENT PowerFactory does not provide the network modes but does reflect their impact when calculating the torsional modes. Furthermore, there are specialized eigen- value analysis programs developed for this kind of analysis, e.g. EISPACK (developed by Argonne National Laboratory) or PALS (developed by the Bonneville Power Administration) only to name a few of those listed in [30] , that can be used; however, this is beyond the scope of this paper. This is not limiting to the design of the ADC, which uses the torsional mode Eigen values. However, it is interesting to note how the inclusion of the ADC impacts the torsional mode damping and makes the 25 Hz mode stable, as also confirmed through time domain results.
The result of adding the ADC to the VFD control (VFD-AD) in the IEEE FBM can be seen in Fig. 12(a) and (d) . The ADC damps out the oscillations (Torsional Interaction (TI) type of SSR) seen in the turbine output power, P t and the shaft section speeds (high pressure, h, intermediate pressure, i, low pressure A, la, low pressure B, lb, and exciter sections, e). The Frequency spectrum in Fig. 12(e) shows how the ADC damps out the 25 Hz mode over time. It is noted that the 32 Hz or the other torsional modes (15 Hz and 20 Hz) that appear to be sustained in the frequency spectrum have very low amplitudes (of the order of 1e-4), as shown in Fig. 12(f) .
The motor operation can be seen in Fig. 13 where the VFD controls maintain the speed at 1 p.u. The motor current phasor and hence the electromagnetic torque is seen to experience minor SSR type oscillations through SSR LI, as described in [1] , but the oscillations are stable under the influence of the ADC. Furthermore, the ADC control signals have been compared with the existing closed loop VFD Motor control signals for the 60% compensated IEEE FBM in Fig. 14. Fig. 14(a) compares the variation seen in the modulation index signal of the VFD inverter; Fig. 14 erence of the existing VFD control in response to the variations in turbine output power (P t ), these are compared in Fig. 14(e) .
It is interesting to observe the motor response in terms of the oscillations seen in the motor speed and torque during SSR both with and without the ADC. When the electrical torque is plotted against the motor speed, Fig. 15(a) shows a cylindrical shaped spiral with increasing diameter (Fig. 15(b) ) portraying sustained oscillations for TI type SSR (SSR-LI). As mentioned in Section III-B, the ADC adds an auxiliary speed signal to the existing VFD closed loop control in response to P t variations, thereby changing the speed reference. In doing so, it exploits the motor load inertia in the initial few cycles to provide the requisite damping. In the presence of the ADC the motor torque and speed oscillations gradually die down (Fig. 15(c) ), as shown through the concentric circles of reducing diameter in Fig. 15(d) .
The three phase line-to line voltages and currents at the rectifier and inverter ac buses of the VFD given in Fig. 16 for the 60% compensated IEEE FBM. The converters are seen to hold a steady envelope throughout the period of the simulation where the ADC stabilizes the TI type SSR interaction. Furthermore, the magnified signals in Fig. 16 show balanced converter operation with sinusoidal waveforms that are free from harmonic distortions. Fig. 18 (A) draws a comparison of the VFD rectifier operation with and without the ADC during TI type of SSR interactions at 60% compensation of the IEEE FBM network. The ADC makes subtle changes to the rectifier active and reactive power outputs in order to modify the induction motor load consumption to provide the additional SSR damping. The ADC operation has limited impact on the DC link voltage and rectifier output voltage and current.
2) 32-Hz Mode Torsional Interaction: The effectiveness of the ADC performance has also been demonstrated for a 32 Hz SSR instability that is induced with 40% line compensation in the IEEE FBM. The ADC is shown to provide damping against increasing TI oscillations in P t and the individual shaft section speeds (high pressure, h, intermediate pressure, i, low pressure A, l a , low pressure B, l b , and exciter sections, e in Fig. 17(a) to (d). The Frequency spectrum in Fig. 17(e) shows how the ADC damps out the 32 Hz mode over time. Again, it is noted that the other torsional modes that appear to be sustained in the spectrum have very small amplitude (order of 1e-5) in the presence of the ADC, see Fig. 17(e) .
3) 25 Hz Mode With Torque Amplification (TA): Fig.19 presents the ADC performance for TA type of SSR interaction for the IEEE FBM when subjected to a 50 ms self-clearing 3-phase short circuit fault at the HV bus when the line is 60% compensated. The ADC is shown to effectively reduce the increasing SSR oscillations seen in the turbine active power P t and the high pressure turbine speed ω h . Fig. 18(B) further illustrates the VFD rectifier operation pre, during and post fault, both in the presence and absence of the ADC. The ADC operation is clearly seen in the first few seconds where the active and Table III lists the damping coefficients calculated using P t , for each of the fault clearing times. The damping coefficients are obtained using a curve fitting technique. The steps include: (a) filtering the signal, P t , to extract the frequency corresponding to the unstable torsional mode, (b) extracting the envelope of the corresponding filtered signal, (c) fitting a 1st order exponential function of the form ae ς t , where a is the coefficient and ς is the damping exponent, to the envelope. As in Table III , the ς is seen to be negative (positively damped time domain response) for each of the unstable TA type of SSR cases in the presence of the ADC, which ensures effective mitigation against the threat of TA for a range of transient faults.
B. ADC Performance for a Modified IEEE 68 Bus Network
The IEEE 68 bus network (100 MVA/345 kV) is modelled in DIgSILENT PowerFactory. Full system parameters and details can be found in [8] . Detailed generator model (2.2) (including stator transients) with the turbine-generator mechanical data for the study generator G1 (6-mass model of generator turbine shaft) is taken from the IEEE FBM. The turbine (mechanical) input power is taken as a constant. The loads are represented as constant impedances (series RLC) and the lines are modelled as lumped resistance and inductances. The IEEE 68 bus test network is shown in Fig. 23 with the VFD interfaced auxiliary power plant load connected at the generator (G1) terminal. The generator is rated at 26 kV and 892.4 MVA. Line 49 is 70% compensated and lines 9 and 50 are removed in order to bring G1 radially in line with the series capacitor.
Under these conditions, unstable torsional oscillations are seen in the turbine output power and shaft section speeds at G1, as shown in Fig. 20(a) . The ADC is shown to damp these oscillations effectively. The severity of SSR oscillations is further amplified (TA) by simulating a 50 ms self-clearing three-phase short circuit fault at Bus 53. Fig. 20(b) shows the ADC can effectively damp the severe torsional oscillations. The rectifier operation is presented in Fig. 18 (C) and (D) for the TI and TA SSR interactions both with and without the ADC. The ADC is seen to exaggerate the transients during the first few seconds following the transient disturbance. This would mean that, for this particular network and simulated radial configuration, for the ADC to be able to provide effective damping, the VFD motor load should be part-loaded (not more than 50-70% loaded) and the converters should be appropriately oversized. The Eigenvalues for the torsional modes for the study generator G1 in the modified IEEE 68 bus system under the impact of VFD and also the VFD-AD have been provided in Table IV . It can be seen here that the inclusion of the VFD model has little impact on the torsional modes and the 25 Hz mode remains unstable. Inclusion of the ADC makes the 25 Hz mode stable as also verified in the time domain simulations.
The robustness of the ADC is further verified using a different fault location (Bus 47 which is a load bus, not a series capacitor terminal or a generator bus) and fault types (e.g. asymmetrical faults like line-line and single line to ground faults that are known to introduce negative and/or zero sequence current components) Fig. 21(a)-(c) shows the ADC provides effective SSR mitigation for each of the cases. Fig. 22 shows the FFT plots for the turbine output power for both IEEE FBM and IEEE 68 bus networks for the 25 Hz SSR interaction, where the FFT is calculated using three separate 1.5 second blocks of data to capture the frequency content at different stages of the simulation. It is interesting to note that the ADC introduces larger transients in the first few cycles (compared to the no VFD case) but damps the torsional modes over time, where in its absence the oscillation of the torsional mode continues to increase in amplitude eventually reaching unacceptably high levels. The larger initial transients observed with the VFD-AD means their operation should be monitored when participating in SSR damping when the VFD motor is heavily loaded (in order to avoid exceeding inverter current ratings).
C. Comparison of Torsional Interactions Observed in the IEEE FBM and IEEE 68 Bus Systems
V. CONCLUSION AND FUTURE WORK
This paper presents a novel SSR mitigation solution based on an Auxiliary Damping Controller (ADC) that uses existing resources, like 11 kV VFD based auxiliary power plant loads (power drives in fan and pump loads). The ADC is a linear feedback compensator that is designed using a residue based pole placement technique. The ADC adds an auxiliary speed signal to the existing closed loop VFD control to modify the speed reference and exploits the motor load-SSR interaction (SSR-LI) to provide additional damping. Its performance is evaluated for a range of operating scenarios to demonstrate its effectiveness when mitigating SSR. This includes SSR interactions with and without faults (both TI and TA) for two different networks (IEEE FBM and the IEEE 68 bus) for different types of faults (location, type and severity/ fault clearing times) and also for different levels of compensation (40% and 60% in the IEEE FBM leading to SSR instabilities at 32 Hz and 25 Hz respectively). The solution is novel and practical and it incurs minimum additional costs by virtue of exploiting existing resources and provides an effective means for SSR mitigation right at the point of vulnerability (generation center). A rather simplistic control architecture has been adopted here to provide a proof of concept. As part of the future work, the authors would like to explore robust control designs for the proposed method that could simultaneously provide damping for multiple modes. This would be particularly useful for multi-compensated power systems (more than one series compensator location). 
APPENDIX
